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Postichemic injury, delayed function and Na/K-ATPase distribution
in the transplanted kidney. We evaluated the postischemic renal injury in
22 patients undergoing renal transplantation. Renal tissue obtained 45 to
60 minutes after reperfusion of the allograft was stained with specific
antibodies against the a subunit of Na/K-ATPase, fodrin and ankyrin.
The distribution of each cytoskeletal protein was analyzed by laser
confocal microscopy. Subsequent allograft function was assessed on two
occasions, 1 to 3 and 36 hours post-reperfusion, respectively. Recipients
were divided into two groups: those who achieved a normal GFR on
post-transplant day 3 (group I, N = 12) and those with persistent
hypofiltration (group 2, N = 10). Patients of both groups exhibited
impaired sodium reabsorption and isosthenuria one to three hours
postoperatively, but these abnormalities persisted on day 3 only in group
2 subjects with persistent hypofiltration. Abnormalities of NaIK-
ATPase, ankyrin and fodrin were confined to proximal tubule cells and
were marked only in the subjects of group 2. They consisted of redistri-
bution of each cytoskeletal protein from the basolateral membrane to the
cytoplasm. We conclude that postischemic injury to a renal allograft
results in a loss of polarity of proximal tubule cells. We propose that
ensuing impairment of proximal sodium reabsorption could activate
tubuloglomerular feedback, thereby contributing to the protracted hypo-
filtration that characterizes this form of postisehemic, acute renal failure.
Transient interruption of blood flow to the kidney for 30 to 60
minutes is followed by acute renal failure [11. The brunt of the
postischemic injury is borne by proximal tubular cells, which
exhibit disruption of the actin-based cytoskeleton [2—41. An
ensuing loss of cell polarity is manifest by a redistribution of
Na/K-ATPase from its normal location on the basolateral
plasma membrane of the cell [4, 51. The normal localization of
Na/K-ATPase to the basolateral membrane is regulated by
direct interactions with the membrane-associated cytoskeletal
proteins ankyrin and fodrin [6, 71, and generates an electrochem-
ical gradient across the cell that is required for vectorial Na
transport from the tubule lumen to the surrounding interstitium
and peritubular circulation [8]. Redistribution of Na/K-
ATPase has thus been suggested as an explanation for the high
fraction of filtered sodium that is typically excreted by patients
with postischemic acute renal failure [21.
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To test this hypothesis, we sampled renal tissue intraoperatively
from transplanted kidneys, 45 to 60 minutes after they had been
reperfused. Because the transplanted kidney undergoes an inter-
val of non-perfusion between the time of procurement from the
donor and subsequent implantation in the recipient, it is fre-
quently the site of a transient postischemic injury [9]. The latter is
manifest by a delay in the onset of allograft function sufficient to
necessitate postoperative dialysis treatments [91. To examine the
distribution of Na/K-ATPase, ankyrin and fodrin in the trans-
planted kidneys we used specific antibodies directed against each
protein. We then attempted to relate tubular Na/K-ATPase
and cytoskeletal abnormalities to subsequent postischemic injury
by evaluating the function of, and sodium handling by the allograft
on two occasions in the early postoperative period.
Methods
Patient population
The subjects of our study were 22 renal transplant recipients
who underwent an intra-operative and postoperative evaluation of
allograft function and structure. That part of the evaluation that
was directed to elucidating the determinants of glomerular hypo-
filtration during postischemic injury to the allograft has been
reported elsewhere [101. A study of the effect of postischemic
injury on the structure and function of tubular epithelial cells is
the focus of the present report. To permit the distribution of
Na1]K-ATPase, ankyrin and fodrin in tubule cells to be related
to the functional behavior of the allograft we will briefly reiterate
those previously-reported methods and findings that are pertinent
to the present report.
Each transplant recipient gave consent to be studied according
to a protocol which had been approved previously by the Panel for
Research in Human Subjects at Stanford University. They ranged
in age from 18 to 71 years, and 13 were male. The transplant was
donated by a living relative in 7 instances and was obtained from
a cadaveric source in the remaining 15 cases. The donors spanned
a similar age range to the recipients, 6 to 65 years. The glomerular
filtration rate (GFR), measured as the clearance of iothalamate
on postoperative day 3, was used to divide the patients into two
groups. Group 1 was comprised of 12 subjects whose grafts
functioned promptly and achieved a GFR within or above a
previously established range (40 to 64 ml/minhl.73 m2) for a single
normal kidney [111. Group 2 was comprised of the remaining 10
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subjects whose grafts exhibited delayed function and marked
depression of the GFR, a finding which was attributed to post-
ischemic injury to the allograft. To avoid the confounding renal
vasoconstrictor effects of cyclosporine on GFR, initiation of
treatment with this immunosuppressive agent was witheld until
after completion of the iothalamate clearance on postoperative
day 3. Interim immunosuppression was initiated on the operation
day and consisted of antithymocyte globulin, prednisone and
azathioprine.
Transplantation procedures
Management of donors. Nephrectomy in living donors was
performed under isofluorane anesthesia on the day of transplan-
tation. After dissecting the kidney free of surrounding fat, the
vascular pedicle was isolated and the renal artery and vein
skeletonized. The ureter was dissected down to the level of the
pelvic brim. Clamps were then placed across both vessels and the
ureter, and each structure was transected. The kidney was sub-
merged in iced lactated Ringer's solution and the renal circulation
flushed with ViaSpan preservation solution (Du Pont, Wilming-
ton, DE, USA) until the venous effluent was clear. Thereafter, the
kidney remained in cold storage in the iced Ringer's solution until
the transplantation 30 to 60 minutes later.
All cadaveric donors in this series died of severe brain injury.
Crystalloid fluids and dopamine (0.1 to 0.5 .tg/kg/min) were
infused during the terminal illness in an effort to maintain systolic
blood pressure above 90 mm Hg and urine flow above 50 mI/hr.
The number and duration of hypotensive episodes were recorded.
Each brain-dead donor was taken to an operating room while his
or her heart was still beating, and the renal circulation was
exposed. To minimize the warm ischemic time, the kidneys were
first cooled in situ by flushing the renal circulation with cold
ViaSpan preservation solution. The kidneys were then removed
and stored in iced ViaSpan solution at 4°C until transplantation.
Management of recipients. Preoperative levels of creatinine,
height, weight and blood pressure were recorded in each recipi-
ent, all of whom had end-stage renal failure. All but two were
dialyzed in the 24 hour period preceding the transplantation.
General anesthesia was induced with narcotic agents and main-
tained with isofluorane. An indwelling bladder catheter and a
central venous line were inserted after induction of anesthesia.
The extraperitoneal space was entered through a lower quadrant
abdominal incision. The external iliac artery and vein were
identified, skeletonized for a distance of 8 cm and clamped
proximally and distally. Mannitol (0.5 g/kg) and methylpred-
nisolone I g were then infused intravenously. The kidney graft was
removed from the iced storage solution and the renal artery and
vein anastamosed end-to-side to the corresponding recipient iliac
vessels. All clamps were then released. The "rewarming time"
(from the end of cold storage until completion of the anastomo-
ses) was recorded. The donor ureter was then spatulated, the
recipient bladder mucosa incised and a ureteroneocystostomy
created.
Allograft morphology
Forty-five to 60 minutes after completion of the anastomosis
and restoration of perfusion, an open surgical biopsy was taken
from the cortex of the allograft. The biopsy measured approxi-
mately 6 m in length, 4 mM in width and 3 m in depth. It was
divided into three portions for examination by light, electron and
immunoflorescence microscopy. The portion for light microscopy
was fixed in Zenker's fluid, dehydrated and embedded in paraffin.
The portion for electron microscopy was fixed in 2.5% glutaral-
dehyde buffered with cacodylate and post-fixed in 2% osmium
tetroxide for 60 minutes. The fixed tissue was then embedded in
epon after passage through a series of graded ethanols. The
portion for immunofluorescence microscopy was embedded in
OCT compound and snap frozen in liquid nitrogen.
One tm thick sections of the paraffin-embedded tissue were cut
and stained with hematoxylin and eosin, and periodic acid-Schiff
reagent. An average of 28 glomeruli per biopsy were examined for
pathological changes. Tubular abnormalities in each biopsy were
then evaluated. An 11 x 11 square grid was inserted into the eye
piece of the microscope. Point and intercept counting of seven
grid fields at a magnification of 900x was used to calculate the
cross sectional area of all tubules in the seven fields, and
separately, of the tubular lumina. The percentage of proximal
tubular cells which had undergone ischemic injury was also
estimated. Point counting was used to estimate the number of
cells in each field that exhibited decreased cell volume and
shrunken pyknotic nuclei, whether such cells were in their normal
location or had sloughed off the tubular basement membrane and
entered the tubular lumen.
The loss of apical brush border and basolateral interdigitation
associated with postischemic injury was evaluated by electron
microscopy. Untraumatized proximal tubules far from the edge of
the biopsy were identified in toluidine blue-stained sections of 0.5
jsm thickness. Ultrathin sections (60 to 70 nM) of the selected
tubules were placed on slotted copper grids and photographed at
a final magnification of 5640x. An average of 84 cells per patient
(range 48 to 139) was captured on the electron photomicrographs
and examined. The brush border associated with the apical
membrane of each tubular cell was evaluated and classified as
normal, diminished or entirely absent. The frequency of basolat-
eral interdigitations was next evaluated by dividing the number of
such interdigitations by the corresponding length of the tubular
basement membrane.
Ten sm sections of frozen tissue were cut in a cryostat and fixed
with 1.85% formaldehyde in phosphate buffered saline (PBS) for
30 minutes at room temperature. After removal of unbound
formaldehyde, the lipid component of the cell membrane was
dissolved in a 0.01% solution of saponin. Incubation with 2%
bovine serum albumin (BSA) and NH4C1 for 20 minutes was then
used to block non-specific protein binding and any reaction
between free aldehyde groups and immunoglobulins, respectively.
After further washing to remove NH4C1, sections were incubated
with specific rabbit antibody against either the a-subunit of
Na1 /K-ATPase, fodrin or ankyrin [12, 131. Each antibody has
been extensively characterized in murine kidney and shown
elsewhere to react with a single protein in Western blots [121.
After washing with PBS to remove unbound antibody, the sections
were incubated with FITC conjugated, swine-antirabbit IgG.
Dilutions of primary antibody against Na/K-ATPase, fodrin
and ankyrin were 1:75, 1:1000 and 1:100, respectively, and were
selected after preliminary studies which defined the concentration
of each antibody that would optimally stain the tubules without
obscuring their underlying anatomy. To distinguish proximal from
distal tubules selected tissue sections were also stained with
fluoroscein-conjugated lectins. Tetraglonobolus lectin was used to
bind proximal tubular cells, and Dolichos and Arachis hypogaea
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Table 1. Clinical findings
Group 1 Group 2
Number of patients 12 10
Age years 44 4 46 4
Male/female 7/5 5/5
Living-related/cadaveric 6/6 1/9
Donor mean arterial pressure mm Hg 92 4 80 6
Cold ischemic time hrs 10 4 20 3
Anastomosis/rewarming time mm 33 2 39 3
Values are expressed as means SEM.
P <0.05
to bind distal tubules and collecting ducts [14—18]. A third lectin,
Glycine max, which binds neither proximal nor distal tubules
served as a negative control.
The stained sections were examined at 60 to 600 X magnifica-
tion by two blinded observers using a scanning laser confocal
microscope (Nikon, Tokyo, Japan). Each observer assigned one of
five grades to the distribution of staining in proximal tubular cells
using the following scoring system: 0 = continuous staining
confined to the basolateral membrane; 0.5, 1.0 and 1.5 = inter-
rupted linear staining of basolateral membrane with respectively
< 50%, —50% and > 50% of the staining appearing in the
cytoplasm; and 2+ = predominantly intracytoplasmic staining
with only rare and granular basolateral staining.
Evaluation of allograft function
Allograft function was evaluated by a clearance technique on
two occasions, respectively 1 to 3 and 36 hours postoperatively.
After weighing each patient, urine collections were made via an
indwelling Foley bladder catheter. On each occasion, arterial
pressure was determined with a dynamap and central venous
pressure via a vena caval line connected to a transducer. The
quantities measured to assess allograft function were the GFR,
the fractional excretion of sodium (FENA) and the urine-to-
plasma osmolality ratio [1].
As stated previously, the GFR on postoperative day 3 was
determined as the clearance of iothalamate during constant
infusion of a 30%, nonisotopic solution of this filtration marker.
An HPLC technique, which has been described in detail else-
where [19], was used to assay iothalamate concentration in four
consecutive 30-minute urine collections and in bracketing samples
of plasma. The GFR was calculated as the time-averaged urinary
excretion rate of iothalamate divided by its plasma concentration.
Our original intention to also evaluate GFR during the one- to
three-hour operation day study by iothalamate clearance was
thwarted by the presence of circulating substances which inter-
fered in the iothalamate assay, presumably anesthetic agents or
other drugs administered intraoperatively. We accordingly substi-
tuted endogenous creatinine for iothalamate as the filtration
marker during this early study. The concentration of creatinine in
two consecutive timed urine collections and bracketing plasma
was determined by an automated and rate-dependent, picrate
method using a creatinine analyzer (Model II, Beckman Instru-
ments, Fullerton, CA, USA). The sodium concentration in urine
and plasma was determined by flame photometry (Instrumenta-
tion Lab, Lexington, MA, USA). Fractional sodium excretion was
calculated as the clearance of sodium divided by the GFR, and
Table 2. Early hemodynamic findings and allograft function (ito 3 hr
post-reperfusion)
Group 1 Group 2
Mean arterial pressure mm Hg
Central venous pressure mm Hg
GFR ml/min/1.73 m2
Urine flow rate mI/mm
FEN, %
Serum osmolality
Urine osmolality
Urine/plasma osmolality
83 217 229 5
9.4 1.4
23.2 2.0
315 2
308 6
0.98 0.02
79 116 26 2
2.2 1.1
30.9 8.0
305 13
303 23
1.00 0.03
ap <0.01
expressed as a percentage. Osmolality of urine and plasma was
determined by freezing point depression using an osmometer
(Model CD II, Advanced Instruments, Needham Heights, MA,
USA).
Statistical analysis
The significance of differences between the two groups was
evaluated by either a two-tailed Student's t-test or the Mann
Whitney test, depending on the distribution of the findings. All
results are expressed as the mean SEM.
Results
Clinical findings
The distribution of age and gender was similar in the two
groups (Table 1). Reflecting a higher proportion of cadaveric
graft donors in group 2 (9/10) than group 1 (6/12), the former
allografts were subject to more ischemia. This was most clearly
evidenced by the period of cold ischemia, which was twofold
longer in group 2 than group 1, 20 3 versus 10 4 hours,
respectively (P < 0.01). Warm ischemia albeit partial, tended to
be greater in group 2 than in group 1. Eight cadaveric donors in
group 2 versus only four in group 1 exhibited episodes of
hypotension (systolic blood pressure < 90 mm Hg) lasting be-
tween 10 and 240 minutes. This resulted in a lower value for mean
arterial pressure at the time of donor nephrectomy, 80 6 in
group 2 versus 92 4 mm Hg in group 1. Similarly, rewarming
ischemic time during vascular anastamosis was longer in group 2
than in group 1, 39 3 versus 33 2 minUtes, respectively.
However, neither of the latter two differences reached statistical
significance (Table 1).
Allograft function
Arterial and venous pressures were similar in the two groups
during the first three postoperative hours (Table 2). The groups
differed, however, in that the GFR was five times more rapid in
group 1 than group 2, 29 5 versus 6 2 ml/min/1.73 m2 (P <
0.01). The rate of urine flow was also higher in group 1 than group
2. However, a FENA in excess of 20% and isosthenuria attested to
the presence of severe tubular injury in each group.
The disparity in allograft function between the two groups was
more apparent on postoperative day 3 (Table 3). By this time,
fluid retention was twice as marked in group 2 as in group 1. This
was accompanied by a significantly higher value for central venous
pressure (Table 3). Whereas GFR doubled between the operation
day and postoperative day 3 in group 1 (29 5 to 59 4 mi/mm,
P < 0.01), this quantity remained unchanged at only 7 2 mI/mm
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Table 3. Allograft function on post-operative day 3
Group 1 Group 2
% Weight gain from day 0 5.5 1.7 12.0 2.1
Mean arterial pressure mm Hg
Central venous pressure mm Hg
101 3
16 1
103 3
21 1'
GFR ml/min/L73 m2 59 4 7 2
Urine flow rate mI/mm 3.4 0.9 1.8 0.7
FeNa % 3.2 0.8 12.8 39h
Serum osmolality 292 1 299 13
Urine osmolality 399 40 282 so'
Urine/plasma osmolality 1.46 0.10 0.97 0.05'
'P < 0.05, "P < 0.01, 'P < 0.001
in group 2. The enhancement of GFR on postoperative day 3 in
group 1 was associated with recovery of tubular function. Urinary
concentrating ability was restored and FENA declined to 3.2
0.8%, a value appropriate to the 6% excess of body water and high
central venous pressure observed at this time (Table 3). In
contrast, sustained hypofiltration in group 2 was accompanied by
persistent isosthenuria and excretion of a high fraction (13 4%)
of the filtered sodium load (Table 3). The features of the renal
injury on postoperative day 3 in group 2 are those of the
maintenance stage of acute renal failure [1]. An ensuing azotemia
required one or more postoperative dialyses in 6 of the 10
members of this group.
Allograft morphology
Glomerular morphology in both groups was normal, with one
exception. By electron microscopy, a patchy broadening and
effacement of epithelial foot processes was Observed exclusively in
biopsies from the subjects of group 2. This finding has been
quantitated and its possible effect to lower hydraulic permeability
of glomerular capillary walls analyzed elsewhere [10]. Tubular
morphometry revealed structural injury to be most prevalent in
proximal tubules, and to be similar in the two groups (Table 4).
Only 2% of proximal tubular cells exhibited structural abnor-
mality at the light microscopic level. Many of the injured tubular
cells remained attached to the tubular basement membrane, while
others, although detached from the basement membrane, re-
mained adherent to adjacent cells in their apical region. As a
result, only a minor fraction of tubular cells, 1.1 0.09 versus 1.0
0.01% in group 1 and group 2, respectively, were found to have
sloughed into the tubular lumen. The fractional luminal area of
tubules was not significantly larger in group 2 than in group 1,
pointing away from tubular obstruction as the cause of the
observed hypofiltration (Table 4).
In contrast to the sparse light microscopic abnormalities, prox-
imal tubule injury was widespread by electron microscopy. Only
one-half of such cells so examined exhibited a normal apical brush
border and frequent basolateral interdigitations (Fig. 1A). In the
remaining half, apical brush border was markedly reduced or
completely absent, and only rare basolateral interdigitations could
be identified (Fig. 1B). Neither the percentage of cells in which
apical brush border was attenuated, nor the overall frequency of
basolateral interdigitations differed between groups 1 and 2,
however (Table 4). Other ultrastructural alterations observed in
damaged proximal tubule cells included giant mitochondria with
altered matrix density and abnormal morphology of cristae. Also,
inter- and intracytoplasmic spaces were dilated, with the latter
attributable to either fluid filled endoplasmic reticulum or vacu-
Table 4. Renal tubular morphology
Group 1 Group 2
Injured tubular cells' 1.8 + 0.3% 2.2 + 0.5%
Lumen/tubular areaa 27.3 1.8% 30.9 4.5%
Cells with decreased BB" 40.0 3.9% 47.7 4.4%
Cells with absent BBb 5.7 1.2% 5.5 1.5%
Basolateral interdigitations/mm2 b 942 233 896 320
Abbreviation is: BB, brush border.
a Determined by light microscopyb Determined by electron microscopy
oles. Only scant changes in apical brush border and cell morphol-
ogy were observed in distal tubule cells of either group.
Cytoskeleton of tubular epithelium
Positive staining for Na/K-ATPase was observed in all
tubules and in both groups examined. Judged by lectin localiza-
tion, Na/K-ATPase staining was more intense in distal than
proximal tubules, a disparity that has also been observed by us in
the murine kidney [12]. A linear basolateral plasma membrane
staining for Na/K-ATPase was evident in almost all of the distal
tubular cells in both groups (Figs. 2 A, B). In contrast, a
qualitative difference between the groups was observed for the
staining pattern of Na/K-ATPase in proximal tubule cells. Most
proximal tubule cells in group 1 exhibited a distinct linear
basolateral plasma membrane staining (Fig. 2A). In contrast,
proximal tubule cells of group 2 subjects exhibited less distinct
staining which was diffusely distributed throughout the cytoplasm;
significantly, staining was absent from, or only focally present
along the basolateral membrane (Fig. 2B). Only rare foci of
staining were observed along the apical plasma membrane of
either patient group.
In contrast to Na/K-ATPase, antibodies to ankyrin and
fodrin stained proximal and distal tubules cells with similar
intensities. Apart from this single difference, however, the subcel-
lular staining patterns for each of these cytoskeletal proteins
replicated that of Na47K-ATPase. Both ankyrin and fodrin
staining was localized to the basolateral membrane in distal
tubular cells of both groups. Both proteins were also predomi-
nantly distributed along the basolateral membranes of proximal
tubular cells of the subjects of group 1 (Fig. 2 C, E). As was the
case for Na/K-ATPase, however, staining for both ankyrin and
fodrin in cells of the proximal tubules of the subjects of group 2
was mostly in the cytoplasm (Fig. 2 D, F). Where basolateral
membrane staining was observed, it was often focal and pünctate
rather than linear and continuous. Apical membrane staining for
either ankyrin or fodrin was rarely observed.
The averages of the scores assigned by the two blinded observ-
ers (VA and PH) to the distributions of Na/K-ATPase, ankyrin
and fodrin in proximal tubule cells are summarized in Table 5.
The scores were significantly higher for each cytoskeletal protein
in group 2 than in group 1, reflecting more intracytoplasmic than
basolateral membrane staining.
Discussion
Despite the oxygen-sparing precaution of cooling the donor
kidney to 4°C prior to transplantation, we observed an invariable
postischemic injury to epithelial cells in each of the human renal
allografts of the present study. Alterations in glomerular epithelial
__r.Sb a
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Table 5. Semiquantitative scoring of the distribution of Nat/K-
ATFase, fodrin and ankyrin along proximal tubular cells
Group 1 Group 2
Na/K-ATPase 0.19 + 0.11 1.00 + 0.20a
Fodrin 0.32 + 0.21 0.98 + 0.16"
Ankyrin 0.53 + 0.18 1.08 + 0.14"
ap <0.01, "p <0.05
Fig. 1. Electron photomicrographs of proximal tubular cells (x5640) in a
representative group 1 patient. The upper panel shows the nearly normal
morphology observed in approximately one-half of thc cells examined.
Notc the prominent apical brush border and numerous basolateral
interdigitations. The lower panel illustrates the marked attenuation of the
apical brush border and paucity of basolateral interdigitations observed in
the remaining cells examined. Bar = 1.0 jzm
cells included broadening of fool processes in group 2 subjects, a
phenomenon that could impair the hydraulic permeability of
glomerular capillary walls, and has been reported previously by
Solez, Racusen and Whelton [201. The most striking alteration,
however, was observed in proximal tubular cells and was charac-
terized by extensive attenuation of apical brush border and a loss
of basolateral interdigitations. It manifested as an impairment of
sodium reabsorption and urinary concentrating ability. Neither
the extent of initial histopathological alteration nor that of early
tubular dysfunction distinguished grafts destined to exhibit a
protracted postisehemie injury (group 2) from those in which the
duration of injury was brief (group 1). Only four of the quantities
determined before or soon after allograft reperfusion were pre-
dictive of a severe and protracted injury. These were the duration
of the cold isehemic interval, the initial allograft GFR, the
phenomenon of broadened and effaced foot processes and the
extent to which proximal tubular Nat/IC-ATPase, fodrin and
ankyrin were maldistributed.
In previous studies it has been demonstrated that NaIK-
ATPase, ankyrin and fodrin bind with high affinity to form a linear
complex [7, 21]. These specific interactions have been demon-
strated both by binding in vitro between purified proteins, and by
isolation of this complex from renal epithelial cells [9, 18, 22, 23].
It has been proposed that the interaction between NaVK-
ATPase and the membrane-associated cytoskeleton is important
in restricting the distribution of Nat'IC-ATPase to a specific
domain of polarized epithelial cells [6, 7]. For example, in
Madin-Darby canine kidney (MDCK) epithelial cells, binding of
Na7KtATPase to the membrane-cytoskeleton is associated with
a prolonged retention time of the protein in the basolateral
membrane, compared to the apical membrane [13].
By indirect immunofluorescence, the distributions of Na'7K-
ATFase, ankyrin and fodrin were found to be largely restricted to
the basolateral membrane of renal tubule cells of group 1 subjects,
whose grafts went on to function promptly and well. Interestingly,
the intensity of staining of Nat'K-ATPase, but not those of
either ankyrin or fodrin, was stronger in the distal than proximal
tubule cells. The difference in Na/K -ATPase staining was not
due to reactivity of the antibody, since several independently
obtained polyclonal antibodies gave similar results. In addition,
one of us (WJN) has found a similar difference in staining
intensity of NatIK -ATPase antibody along the mouse nephron
[12]. Differences in the staining intensity of Na/K-ATPase
along the nephron correlate well with observed differences in
ouabain-inhibitable ATPase activity measured in microdisseeted
segments of mouse nephrons by Katz, Doucet and Morel [24].
Although the distributions of Na/K-ATPase, ankyrin and
fodrin were localized to the basolateral membrane of distal tubule
cells of group 2 subjects, they were distinctly abnormal in proximal
tubule cells, In contrast to a linear staining pattern along the
basolateral membrane, we detected predominant staining in the
cytoplasm. Significantly, little or no staining was detected in
Fig. 2. Confocal micrographs of the distribution of NaIK-ATPase (upper panels A, B), ankyrin (middle panels C, D) and fodrin (lower panels E, F). The
left panels (A, C, E) are from a group 1 and the right panels (B, D, F) from a group 2 subject. The more intense staining for Na/}C-ATPase in the
upper panels (A, B) was shown by lectin localization to represent distal tubules (labeled "d"). The paler stained proximal tubules show a predominantly
basolateral distribution for Na4K7-ATPase in the group 1 subject (A, X430). In contrast, the staining is predominantly intracytoplasmic in the group
2 subject (B, x500). The same disparity in distribution of staining in proximal tubule cells is evident for ankyrin (C, X570 vs. D, X570) and fodrin (E,
X570 vs. F, X570). Bar = 20 j.rm.
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association with either the basolateral or apical membranes, and
that which was found was punctate and not linear. Since the
distribution of Na/K-ATPase to the basolateral membrane of
renal tubule cells is essential for maintaining vectorial transport of
ions (in particular Na) and solutes from the tubule lumen to the
interstitium and the peritubular circulation [8], sustained loss of
Na/KtATPase from the plasma membrane of proximal tubule
cells observed in group 2 patients is very likely to be a contributing
factor to the persistent impairment of sodium reabsorption and
delayed recovery from postischemic injury during the postopera-
tive period. We wish to emphasize that the renal tissue that we
examined was obtained by an open wedge biopsy that was only 3
m deep. Our demonstration that Na4 1K4-ATPase, ankyrin and
fodrin were retained in the basolateral membrane of distal tubule
cells of group 2 subjects thus applies only to superficial segments
of the distal nephron. Brezis and Rosen have shown that cells of
the thick ascending limb (TAL) of Henle are especially vulnerable
to anoxic or ischemic damage [25]. Because our biopsy did not
extend into the outer medulla we cannot exclude the possibility
that there was also redistribution of the cytoskeletal proteins of
interest away from the basolateral membrane of TAL cells. An
ensuing loss of polarity at this distal site could have contributed to
the sustained inhibition of sodium reabsorption that was observed
in group 2 subjects.
Mislocalization of NaIK-ATPase may be a consequence of
abnormal transport between the Golgi complex to the cell surface,
or rapid internalization of protein from the cell surface into
intracellular vesicles [6, 13, 26]. Although it is not possible to
directly distinguish between these possibilities with the current
data, the lack of normal staining associated with the basolateral
membrane indicates that at least a portion of the cytoplasmic
staining is due to internalization of protein from the plasma
membrane. In addition, we do not yet know whether internalized
Na/K-ATPase is targeted for degradation in lysosomes, or
whether it is stored in vesicles that can be subsequently reinserted
in the plasma membrane.
At present, we do not know the physiological signal that triggers
internalization of plasma membrane Na7K-ATPase following
postischemic damage. Previous studies have indicated that inter-
actions between Na/K-ATPase and the membrane-associated
cytoskeleton is important in retention of Na/K4 -ATPase in the
membrane [13]. Rapid internalization of Na/K-ATPase from
the membrane could, therefore, be a consequence of the disrup-
tion of its interaction with ankyrin and fodrin either through
degradation of cytoskeletal proteins, or disassembly of the com-
plex. Significantly, in addition to changes in Na47K-ATPase
distribution, we detected parallel changes in the distributions of
ankyrin and fodrin. However, rather than observing a decrease in
staining intensities of either ankyrin or fodrin that would be
expected if one or both had been degraded, we found that both
proteins were localized to the cytoplasm, indicating that the
complex had been disassembled. However, it is important to note
that our present data cannot exclude the possibility that protein
degradation is a significant contributing factor in the redistribu-
tion of the membrane-associated cytoskeleton and, consequently,
Na1iKtATPase. Detailed analyses of protein synthesis, traffick-
ing to the plasma membrane, and turn over are required and are
beyond the scope of the present analysis.
Although this is the first detailed comparative study of renal
function and Na/K-ATPAse distribution following postisch-
ernie injury after kidney transplantation in humans, other inves-
tigators have analyzed effects of ischernic damage in animals and
tissue culture cells. Temporary ligation of the renal artery induces
rapid ischemic injury and abnormal renal function, including
decreased reabsorption of Na in the proximal tubule [27]. Early
studies indicated that the basolateral membrane distribution of
Na/K-ATPase was disrupted following ischemic damage [27,
28]. More recent studies by Molitoris and co-workers have
provided evidence for increased [3H]-ouabain binding and immu-
noreactivity to NaJK-ATPase antibodies on the apical mem-
brane following ischemic damage [5]. It was suggested that
Na47K-ATPase diffused from the basolateral membrane past
the tight junction into the apical membrane; early studies showed
that the tight junction became leaky after induction of ischemic
injury [27]. Studies in vitro on cultures of polarized renal epithelial
cells (LLC-PK1, MDCK) indicated that ATP depletion resulted in
a similar redistribution of Nat'K-ATPase to the apical mem-
brane [5, 29]. However, analysis of the functional integrity of the
tight junction in ATP-depleted MDCK cells revealed that the
'gate' function, which blocks paracellular flow, was disrupted, but
the 'fence' function, which inhibits protein and lipid flow between
the apical and basolateral membrane domains, was not disrupted
[30]. Therefore, the source of apical membrane Na/K-ATPase
under these different conditions remains unknown. In our study,
we have been unable to link the postischemic injury observed in
group 2 subjects to a redistribution of Na/K-ATPase to the
apical membrane. Because our analysis was performed at the
resolution of the light microscope, we are unable to unequivocally
rule out the possibility that some of the protein is indeed localized
to the apical membrane. Given the prominent cytoplasmic stain-
ing of proximal tubule cells in our group 2 subjects, however, we
infer that any apical staining, if present, likely constitutes only a
small proportion of the total NatK-ATPase in these cells.
Previous studies have sought to correlate changes in membrane
protein distributions with alterations in the actin cytoskeleton
following ischemic injury in renal tissue in vivo and ATP depletion
in renal epithial cells in vitro. Results show that there is a rapid
disruption of the actin cytoskeleton in both experimental systems
[3, 41. Interestingly, disorganization of the actin cytoskeleton
correlated with a decrease in the amount of Na/K-ATPase
associated with the detergent-insoluble cytoskeleton [4]. Recently,
Doctor, Bennet and Mandel have demonstrated that almost all
ankyrin was degraded in cells of the thick ascending limb 120
minutes after induction of an ischemic injury in vivo [291. How-
ever, there was little or no change in the distribution of either
fodrin or NatIK-ATPase in those cells, A parallel analysis of
ankyrin in ATP-depleted renal epithelial cells in vitro revealed
little or no degradation, suggesting that mechanisms involved in
ischemia-induced changes in protein distributions vary according
to cell-type and experimental conditions. Note that in the present
study changes in the staining patterns of Na/K-ATPase,
ankyrin and fodrin were restricted to cells of the proximal tubule,
and that normal basolateral staining patterns were detected in the
distal tubule. Further, we did not detect a decrease in staining
intensity of any of these proteins in either cell segment of the
nephron that would be expected if there was protein degradation.
Because our analysis was dependent on the resolution of the light
microscope, however, we cannot exclude the possibility that some
degradation of ankyrin occurred in these cells.
To summarize, we have shown that Na/K-ATPase was
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incompletely retained in the basolateral membrane of proximal
tubule cells soon after reperfusion of the freshly transplanted
kidney. Among cases in whom allograft function was rapidly
restored (group 1), there was but a transient impairment of sodium
reabsorption and modest initial depression of the GFR. By
contrast, among cases who went on to exhibit a substantial delay
in the onset of adequate allograft function (group 2), there was a
sustained impairment of sodium reabsorption and protracted
hypofiltration. Because the present study was an observational
one, we are unable to determine whether a loss tubule cell polarity
caused the observed impairment of sodium reabsorption, and
whether changes in tubular sodium transport in turn, were
responsible for the observed by hypofiltration. We speculate that
these abnormalities could well be linked, however. Prolonged
redistribution of Na'7K-ATPase from the basolateral mem-
brane to the cytoplasm of proximal tubule cells is likely to have
diminished proximal sodium reabsorption and enhanced the
delivery of this ion to the macula densa. An ensuing activation of
the tubuloglomerular feedback mechanism is predicted to medi-
ate afferent arteriolar constriction [311. The resultant fall in
filtration pressure could have contributed importantly to the
prolonged depression of GFR that was associated with this form
of postischemic renal injury.
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